Abstract. The main objective of this research is to investigate the applicability range on the Caltrans Seismic Design Criteria (SDC) to address the P-Delta effect. Caltrans SDC defines a maximum ratio for bending moment induced by P-Delta effects over the yielding moment capacity of the column. For columns satisfying this criterion predefined target ductility is used to design the columns. Columns with higher P-Delta induced bending moments should be subjected to nonlinear time history analysis to verify their performance. Typically, designers to prevent performing time consuming, nonlinear time history analyses resize the column to remain in the safe margin. This study through rigorous push over analyses identifies the applicability range for the Caltrans-SDC method.
1. Introduction P-Delta effects can have a detrimental impact on the seismic response of bridges because of a reduction in both the shear capacity and initial stiffness of RC bridge columns [1] , [2] . The reduction in the initial stiffness imposes an increase in the natural period of the system, and a likely surge in the design displacement demand. In cases that it is not allowed to neglect the P-Delta effects, it is required to consider the dynamic effect of gravity loads acting through lateral displacements in design [3] , [4] . Wei et al. [5] provides a detailed description on methodologies to compensate for P-Delta effects on structures. As design codes are progressing towards performance-based metrics, there is an additional need to quantify the destabilizing effect of gravity loads and its effect on the seismic response of bridge columns [6] , [7] .
Background
Caltrans SDC [3] provides a procedure that can be used to evaluate whether P-Delta effects can be ignored in design. In design circumstances, not requiring to consider P-Delta effects, structural components can be designed based on predefined ductility demands. This study intends to find the range which (is valid. In cases which (is not satisfied, increasing the section size or reinforcement ratio can be used to increase the yielding moment capacity of the colum, Howevre, Caltrans SDC reccommends to perform nonlinear time-history analysis to verify that the column is capable to resist the P-Delta effects.
Where, ∆ is the lateral offset between the point of contra-flexure and the base of the plastic hinge, and is the idealized plastic moment capacity of a column calculated by M-φ analysis. If (is satisfied, predefined ductility demands limits the design of structural components. According to Caltrans SDC target displacement ductility for single column and multi-column bents are as follows.
Method
In this research using OpenSees, nonlinear static analysis (Pushover) is performed to obtain the moment-curvature and subsequently the load-deformation for various columns. The main interest is to obtain the value for the applied load and displacement at yielding and ultimate capacity of the column. The value for yielding displacement and load can be obtained by linear interpolation between the yielding and the ultimate point. Table 1 shows the Column Properties subjected to this study. 
Finite element model
Open System for Earthquake Engineering Simulation (OpenSees) [8] is used to investigate the nonlinear load-deformation response of RC bridge columns. The circular cross-section was represented by a fiber-based model and the concrete cover and core sections were modelled with the "Concrete07" uniaxial concrete material class.
Results
Single Column Bents supported on fixed foundation ≤ 4
Multi-Column Bents supported on fixed or pinned footings ≤ 5 This section looks at nine different column height ratios ranging between four to twelve. longitudinal reinforcement ration is changing between one to four percent. Five different levels of axial load is applied on top of the column. Target displacement ductility level used to design the columns is obtained from the Caltrans SDC, which suggests single column bents supported on fixed foundation can be designed for ductility level 4. The P-Delta induced bending moment at target ductility level of four is equal to four times of the yielding displacement ( Table 2 ) multiplied by the load at ductility level four ( Table 3) . According to Caltrans SDC if the ratio of bending moment induced by P-Delta effects to the yielding moment capacity of column is less the twenty percent, then structural components shall be designed based on predefined displacement ductility demands. Table 4 presents the results obtained for the Caltrans SDC criterion for ignoring the P-Delta effects.
Regions colored in green are where Caltrans allows ignoring the P-Delta effects, while the red region requires performing nonlinear time-history analysis to study the structural behavior with inclusion of the P-Delta effects. Column with high column height ratio and high axial load ratio are the most susceptible columns to P-Delta effects. Results indicate that for these columns Caltrans SDC equation is not satisfied and nonlinear time-history analysis should be implemented to make any decision regarding the adequacy of the design. Typically under these circumstances design firms in order to prevent performing time consuming and highly advanced nonlinear time history analysis with a wide range of earthquake records they prefer to resize the column in order to satisfy the Caltrans equation. 
Result evaluation
In this section a sample column with height of 32 ft with 1 % reinforcement ratio, and 389 kips applied load has been studied under a set of earthquake records. This column fails to satisfy the Caltrans SDC criterion. Throughout this research ATC Far-Field, ground motion record set is used. The ground motion set is collected from Pacific Earthquake Engineering Research Center (PEER-NGA) database. Table 5 and Table 6 tabulate the characteristics of the ground motion set. Magnitude and PGA for the Far-Field earthquake records are tabulated in Table 6 . The procedure is as the following steps:
Step1: Perform pushover analysis and obtain load-deformation diagram 
Step2: Compute the target spectral displacement
The target displacement at the target ductility can be obtained using (2. Design target ductility of four is suggested by Caltrans SDC for single column bent supported on fixed foundation.
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(2) Figure 2 shows the procedure to compute the effective stiffness at target ductility. Force-displacement analysis provides the load and displacement values at yielding and ultimate points. The lateral load at the target ductility can be obtained using (.
Effective stiffness at target ductility can be obtained using (.
The effective period of structure can be obtained using
Step4: Compute the earthquake record scale factor
Expression proposed by Chopra and Goel (1999), ζ^= ζ + ζ was used for total viscous damping ratio.
Where, is the target ductility level and ζ is the elastic viscous damping and ζ is equivalent viscous damping. Newmark integration method is used to develop spectral displacement and spectral acceleration versus period of structure. Figure 3(A) shows the spectral displacement versus period of the structure for the earthquake record with EQID=120111 with 18.5% damping ratio. Figure 3 (B) shows the spectral acceleration versus time. For a structure with the period of 6.14 sec the spectral displacement is 8.02 inch. The earthquake scale factor is the ratio of spectral displacement computed in previous step to the spectral displacement for the non-scaled earthquake record (at the effective period). = = 14.68 8.02 = 1.83
Step5: Perform nonlinear time-history analysis
In this stage the earthquake record is amplified by the by the earthquake scale factor. Nonlinear time history response for the structure is presented.
Figure 4. Dynamic inelastic time history analysis (EQID=120111)
Same analysis is performed on all the earthquake records introduced in Table 6 . Figure 5 shows the ratio between the displacement ductility with P-Delta effects over displacement ductility ignoring the P-Delta effects for all earthquake records. The result from nonlinear time-history analysis indicates that although this column does not comply with the Caltrans SDC criterion for ignoring the P-Delta effects, the column is stable and the damage ductility is close to target ductility of four. The mean value for ductility with P-Delta effects over the ductility without P-Delta effects for the studied column is 1.119 with standard deviation of 0.25.
Conclusion
Following observations have been made as the result of this research.

Caltrans SDC method for columns with high aspect ratios(10-12) was not applicable, although these columns are most susceptible to P-Delta effects.  Caltrans SDC encourages designers to use higher longitudinal reinforcement ratio or bigger section sizes instead of performing nonlinear time-history analysis.  This method does not explicitly address the instability of the column.
